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Cerium oxide, or ceria (CeOx: x = 1.5 to 2), has been widely used as a 
heterogeneous catalyst. Ceria has several properties make it high catalytic active: the 
fluctuating valence of cerium, the high oxygen storage capacity and high oxygen mobility 
in the nonstoichiometric ceria. With the high abundance of cerium on earth crust, ceria is 
a highly effective alternative of the noble metal catalysts. Research has been focused on 
designing nanostructured ceria and ceria related materials in recent years. The catalytic 
activity of ceria can be enhanced by the nanoscale effect which can be applied for various 
designs of catalysts with unique properties.  
In this thesis, I report two types of ceria-based nanomaterials fabricated by the 
electrochemical and dispersion-precipitation methods and our study of their physical and 
chemical properties. First, I discuss the fabrication of a ceria nanoporous membrane using 
a two-step method of anodization and subsequent calcination. A proposed anodization 
model involving the oxygen bubbles generation during the process for the growth of the 
nanoporous membranes is discussed. Second, I illustrate a new type of ceria-titania 
hybrid nanocomposites for oxidative catalysis. A dispersion-precipitation synthetic 
method for these catalysts and the evaluation of their oxidative catalytic activity are 
presented.  Finally, I discuss other potential synthetic methods to produce and further 
enhance the catalytic activity of these hybrid nanocomposite catalysts. 
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Chapter 1 Introduction 
Energy shortage and environmental pollution are two crucial challenges the world 
is facing. In order to solve these problems, new sources of energy and new technology of 
environmental protection methods are required. New materials could help in developing 
new energy source and treat the pollutions. Metal oxide materials with high catalytic 
activity and relatively low cost have becoming more popular in research and applications. 
[1-5] Thanks to the breakthroughs in atomic scales measurements and computational 
simulation, it is now possible to design and develop catalysts for specific target reactants 
and products. [6-10] Also, such breakthroughs allow the development of better 
methodologies to understand the principles and mechanisms behind the catalytic 
processes for metal oxides.   
1.1 Cerium Oxide 
The fifteen lanthanides together with scandium (Sc) and yttrium (Y) are called the 
rare earth metals. Among all the rare earths, cerium (Ce) is the most attractive one to 
researchers in the field of catalysis. Cerium is the most abundant rare earth element, 
making up about 0.0046% of the Earth's crust by weight (64 ppm), even more abundant 
than copper (60 ppm). [11, 12] It is found in a number of minerals, the most important 
being monazite and bastnasite. The high abundance, with its outstanding catalytic activity 
is one of the reasons leading cerium the element applied in catalytic exhaust conversion 
system of automobiles in industry. [13-15]  
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Cerium has four valence electrons 4f26s2. [16, 17]  It has two common oxidation 
states Ce(III) and Ce(IV). Cerium has 30 isotopes with atomic weights ranging from 123 
to 152 g/mol. There are three stable isotopes: 136Ce, 138Ce and 140Ce. The most abundant 
isotope is 140Ce at 88.5%. [17] Cerium resembles iron in color and luster, but it is soft, 
malleable and ductile. Cerium has the second-longest liquid range of any element: 
2648 °C (795 °C to 3443 °C). It oxidizes easily in air and burns readily at 150 °C to form 
cerium (IV) oxide. Cerium metal is commonly used in the ferro cerium fired steel metal 
alloy which applies in lighter flints. Metallic cerium is also added in micro-quantities to 
various alloys as an oxygen scavenger. The addition of cerium to the alloys can confer a 
longer operation life because of the improvement of their oxidative resistance. 
Fluorite-structured cerium oxide (CeOx: x = 1.5 to 2), or ceria, is produced by 
various methods according to different desired properties of the products. For bulk 
materials, to be used without purification, the oxide is collected during the refining 
process after adding the oxalate to nitric acid. For other materials, different precursors are 
used with a variety of synthetic methods. Methods for nanostructured ceria synthesis 
includes precipitation, milling, hydrothermal, sol-gel and surfactant assisted synthesis. 
For the synthesis of nanostructured ceria, common cerium precursors include cerium 
sulfate [Ce2(SO4)3], cerium nitrate [Ce(NO3)3], ammonium cerium nitrate [NH4Ce(NO3)4] 
and cerium chloride (CeCl3). Cerium hydroxide is an important intermediate in many 
solvothermal and hydrothermal synthesis of cerium oxide nanomaterials.  
One traditional application of ceria is in the glass industry as an efficient 
polishing agent for most glass compositions and also to prevent the decolorization of 
glass. These applications still consume a large portion of the cerium oxide products 
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produced. The addition of cerium (IV) oxide to the glass melt helps to convert iron to the 
low visible absorption ion, iron (II). The photostability of pigments is also enhanced by 
the addition of cerium as it provides the pigments with color fastness and prevents clear 
polymers from changing their color and thus blocking the solar light. Cerium oxide 
enhances the photostability of the polymer and pigments because its low absorption in the 
visible light and high absorption in the UV range. This protects the pigments used in 
glass coloration from the damage induced is by UV light exposure. 
As much as forty percent by weight of the catalyst used for cracking crude oil in 
refinery operations is cerium and other rare earths. [18] Cerium also has minor uses in 
other commercial catalysis, such as the production of styrene from ethyl benzene, 
catalyzed by mixed iron and cerium oxide. [14, 18] Self-cleaning ovens utilize cerium 
oxide for its self-cleaning properties. The ceria is embedded in the walls and bottom of 
the oven and acts as an oxidative catalyst when the oven is heated. Cerium oxide is being 
increasingly used to clean vehicle exhaust streams through direct addition to diesel fuels 
to reduce sulfur emissions. [17-20]  
1.2 Comparison of Materials’ Properties: Bulk vs. Nanomaterials 
R. Feynman stated that it would soon be possible to “arrange atoms the way we 
want” in 1959. [21] This talk was considered leading the breakthroughs of 
nanotechnology revolution. In the following 50 years, nanoscale materials have entered 
our daily lives and brought us huge benefits because of their size effect and their unique 
physical and chemical properties. Since nanomaterials differ so much from the bulk of 
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the same chemical composition in physical and chemical properties, they have become a 
field of study on their own. 
Size effect, due to the surface to volume ratio of nanoscale materials, is one of the 
most important factors for the difference between the nanomaterials and the bulk. [22-25] 
By adopting nanoscaled structures, materials would increase their surface area 
dramatically. Also, the surface atoms of the nanomaterial are usually with higher 
reactivity due to unusual surface atomic re-arrangements.  Surface atoms possess fewer 
nearest neighbors and therefore have dangling bonds exposed on the surface. Due to these 
dangling bonds, they are under an inwardly directed force that leads to the shortening of 
the bond distances between the surface atoms and the bulk atoms below. This bond 
shortening becomes more significant as the ratio of surface atoms to interior atoms 
increases. This extra energy possessed by the surface atoms leads to new properties 
including morphology, band gap, reactivity, and catalytic potential arrangements. [1, 2, 8, 
14, 25-27] 
1.3 Oxidation Catalysis  
Since F. Haber discovered that the iron catalyst could increase the production rate 
of ammonia from nitrogen and hydrogen gases, the research of heterogeneous catalyst 
has been very active. It is estimated that more than 90% of industrial manufacturing 
processes worldwide utilize catalysis in one form or another. [27] According to the Food 
and Agriculture Organization of the United Nations, the worldwide demand for nitrogen-
based fertilizer will be 111.6 million tons in 2014 at the annual growth of 1.8 percent. [28] 
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Virtually all nitrogen fertilizer is produced as ammonia utilizing the Haber-Bosch process, 
leading to this process being named the “invention of the century”. [27,29] 
Catalysis provides a means to change the rates and control the yields of chemical 
reactions so as to increase the desirable products and reduce the amounts of undesirable 
ones. The reduced emissions of automobiles and the abundance of fresh food are made 
possible by chemical reactions controlled by catalysts. Catalysis is also essential in 
contributing to a healthy economy. The petroleum, chemical, and pharmaceutical 
industries, contributors of $500 billion to the gross national product of the United States, 
rely on catalysts to produce everything from fuels and “wonder drugs” to paints and 
cosmetics. 
Catalysis is defined as a process which promotes an increase or decrease in the 
reaction rate but not the reaction equilibrium by adding extra chemical ingredients 
(catalysts) besides the reagents. When the reaction reaches equilibrium, the catalysts 
added maintain the same quantity and chemical composition. Heterogeneous catalysis 
involves at least one of the reactants being in a distinct phase from the catalyst. This 
thesis focuses on reactions in which the catalyst is in the solid phase and the reactants are 
either liquids or gases. 
The mechanism of catalytic activity on ceria is a subject under exploring. The 
cited reasons tend to revolve around their high oxygen storage capacity (OSC) which is 
largely due to the multivalent nature of cerium and the high mobility of the oxygen 
vacancies at the surface of the materials. The ability of heterogeneous cerium oxide 
catalysts to change in the activation energy for reactions is largely due to the surface 
effect. The shift between the Ce (III) to Ce (IV) states leads to a high oxygen mobility in 
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ceria lattice, which in turn can lead to its enhanced catalytic activity.  Recently, the 
controlled synthesis of functional nanosized ceria has become popular. [10] 
The high oxygen mobility in the ceria lattice can be attributed to the size, 
dispersion, and quantity of oxygen vacancy defects (OVD) in the lattice. Once sub-
surface oxygen vacancy sites are introduced into the lattice, the mobility of the vacancies, 
and thus the defects, is greatly decreased. Vacancy clusters tend to form in the three or 
six surrounding cerium ions of the materials’ surface. [4, 11, 30-34] 
1.4 Thesis Overview 
In this thesis, two types of synthetic methods of cerium oxide nanomaterials are 
presented. In Chapter 2, an anodization method for fabricating cerium oxide nanoporous 
membranes from cerium metal foil will be discussed. In Chapter 3, a novel hybrid ceria-
titania nanocomposite and its catalytic activity towards carbon monoxide oxidation will 
be presented. Finally, future potential catalyst development from the insights obtained in 
Chapter 2 and 3 will be proposed in Chapter 4.  
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Chapter 2 Porous Cerium Oxide Membrane 
2.1 Introduction 
Metal oxide membrane has been produced from anodization method for over 80 
years. However, forming a membrane with exfoliating oxides has been a problem for a 
long time. This kind of membrane can be used in a variety of catalytic applications. One 
of the most current applications is the electrolyte in solid fuel cells. [1, 2] 
Solid oxide fuel cells (SOFC, Figure 2.1) are attracting a lot of research interests 
because of their promising future in large-scale power application such as centralized 
electricity generation and mobile power plants. With an operating temperature around 
1000 ◦C, SOFC could generate a large amount of electric power by converting natural gas 
into water and carbon dioxide. Theoretically, the SOFC membrane should have certain 
characteristics: 1) It should efficiently catalyze the reactions in the SOFC; 2) It should be 
hydrophobic to avoid water poisoning itself; and 3) The membrane should be electrically 
conductive. SOFC membranes made of cerium oxide cause most of the interest due to 
their rich oxygen content, semi conductivity and also the catalytic ability. [1-4] 
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Figure 2.1 Schematic of a solid oxide fuel cell (SOFC). 
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However, there are two major disadvantages of utilizing cerium oxide as the 
electrolyte in SOFC. The first one is the cerium oxide’s high dielectric property which 
makes it inefficient in transporting electrons. This was proposed to be solved by doping 
or decorating other conductive material such as samarium to increase its conductivity. 
The other problem is that the cerium oxide is an exfoliating oxide. The demand to make a 
membrane that does not exfoliate will be discussed in this chapter. 
Fabrication of a membrane of exfoliating oxide is difficult. Since 1920’s, 
anodization has been commonly used to synthesize various kinds of oxide films on metal 
surfaces. Anodized aluminum, for example, is a commonly used protective layer in 
industry. [5, 6] In recent 20 years, anodization of metal foil has been applied to 
synthesize oxide membranes with nanostructures. However, anodization of metals whose 
oxides exfoliate has been a problem. The two existing models of anodization are the 
aluminum model in which the metal foil is directly anodized to the oxide, and the zinc 
model in which the foil is anodized to the sulfate or phosphate. [7, 8] 
In this chapter, a new anodization model is proposed. In this model, the cerium 
metal is anodized to an inorganic polymer in the form of cerium hydroxide. The adhesion 
of the membrane formed on the metal surface enables the anodization to continue to 
convert the whole foil in to the hydroxide. A followed calcination step is then applied to 
convert the cerium hydroxide polymer membrane to cerium oxide. This strategy has the 
potential leading to a large scale anodization process and applications in the fields of 
protective coating and the oxide membranes fabrication.     
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2.2 Synthetic Method 
Cerium metal foil was first cut into 1 cm x 1cm squares and polished with 1-µm 
diamond grit until a mirror-like finish was achieved. The samples were sonicated in 
acetone for 15 minutes to remove any remaining diamond grit particles, and then dried 
with nitrogen.  The dry samples were anodized in a two-electrode cell with the cerium 
foil as the anode and a 1 cm × 1 cm platinum foil as the cathode. To prevent the alligator 
clips holding the cerium anode from contacting the electrolyte, a piece of bent w-shaped 
platinum (Pt) foil was used to protect the cerium metal foil.  The electrolyte solution was 
composed of ethylene glycol, ammonium hydroxide and water in ratios adjusted for each 
set of experimental conditions. The anodization was accomplished by applying a constant 
current of 100 µA with a source meter (Keithley 2410, Keithley Instruments Inc. 
Cleveland, OH) for 160 h. The membrane was considered to be fully anodized once the 
applied potential at 100 µA reached the limit of the source meter (1000 V). The 
membrane was then rinsed thoroughly with ethanol, dried under a nitrogen stream and 
immersed in a 100 mL ethanol bath for 12 h. The ethanol bath was gently stirred to 
facilitate the removal of remaining traces of electrolyte from the membrane structures. 
Afterwards, the sample was dried in a gentle stream of dry nitrogen. Conversion of the 
as-anodized membrane samples into cerium (IV) oxide was achieved by calcination at 
400 °C for 2 h. under a flow of 100 SCCM dry air inside a 1” quartz tube vacuum furnace 
at 0.12 Torr. The temperature of the furnace was increased at a rate of 0.5 °C/min. so as 
to control the calcination rate of the structures and to promote gentle evaporation of any 
remaining solvent. 
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2.3 Membrane Characterization: Materials Structures, Chemical Composition, and 
Water Wettability 
The morphology of the processed samples was investigated by field emission 
scanning electron microscopy (FE-SEM, Hitachi S4700, Hitachi High Technologies 
America, Inc., Pleasanton, CA). The crystal structures of the samples were studied by 
Rigaku D/Max-B diffractometer equipped with Cu Kα X-ray source of average 
wavelength 1.544 Å (Rigaku America, The Woodlands, TX). Confocal Raman 
microscopy on the samples was performed with a HR800 confocal Raman microscope 
(Horiba Scientific, Kyoto Japan, LabRAM) using a 20 mW 632.8 nm He-Ne laser. Water 
contact angle measurements on the samples were performed using 0.25-µL droplets of 
ultrapure water with the video contact angle analysis equipment (VCA Optima, AST 
Products, Inc., Billerica, MA). The AST software was used for the contact angle 
measurements in the recorded optical images.  
Typical scanning electron microscopy (SEM) images of the anodized cerium foil 
calcined at 400 °C revealed the “ribbon-like” structures forming the backbones of the 
porous frame work (Figure 2.2a and 2.2b). The average thickness of these “ribbon-like” 
structures was 24 ± 4 nm. Full anodization of a foil sample was usually found to be split 
it into two membranes of ≈125 µm in thickness. Side view SEM images of these 
membranes indicated that these membranes were composed of channels of pores formed 
perpendicular to the membrane surface. Transmission electron microscopy (TEM) image 
and a selected area electron diffraction pattern of one “ribbon-like” structure suggested 
that the sample calcined at 400 °C is made of highly crystalline ceria (Figure 2.2c). 
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Zoomed-in TEM image (Figure 2.2d) of the structure showed a lattice fringe pattern with 
spacing of 0.31 nm which corresponded to those of ceria (111) facets. 
The crystal structures of the anodized cerium foil and their transformation by 
calcination were characterized by X-ray diffraction (XRD) (Figure 2.3) and indexed 
against JCPDS data. The XRD pattern of a fully anodized cerium foil suggested that the 
anodization process transformed the cerium metal foil into P63/m hexagonal cerium (III) 
hydroxide [Ce(OH)3] and hexagonal Ce2O3. The pattern also indicated the presence of a 
trace amount of α-Ce metal which implies that some cerium metal may be preserved 
between the pores. Small deposits of metal were likely located in areas where the 
hydroxide thickness of the pores limits the oxidation at the applied potential. The XRD 
patterns of anodized samples calcined at 50, 275 and 400 ˚C were also collected to verify 
the transformation of the anodized samples into cubic ceria. Compared to the XRD 
pattern of the as-anodized sample, the relative intensities of diffraction peaks belonging 
to the cerium hydroxide and metal in the XRD pattern of the sample calcined at 50 ˚C 
decrease significantly. For samples calcined at higher temperatures, diffraction peaks of 
the fluorite structure were dominant in the corresponding XRD patterns. There were no 
indications of metallic cerium in these patterns. Only the XRD pattern of the sample 
calcined at 400 ˚C showed no satellite peaks belonging to Ce(OH)3 and hexagonal Ce2O3, 
indicating a complete conversion of the sample into fluorite ceria. 
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Figure 2.2 Ceria porous membranes made by a two-step anodization-calcination process. 
(a) Oblique view and (b) top view SEM images illustrate the porous nature of membrane
and “ribbons-like” frameworks on the membrane surface. (c) TEM image of a ribbon
structure. (inset)  SAED pattern. (d) HRTEM image of one piece of the “ribbon-like” 
framework. The lattice plane spacing is consistent with those of ceria (111) facets. 
a 
c
b
d
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Figure 2.3 XRD patterns showing the transition of as-anodized cerium foils from 
simple hexagonal cerium (III) hydroxide (Ce(OH)3) to fluorite-structured ceria 
(CeOx) as the calcination temperature increases 50, 275 to 400 ˚C.  (Bottom) 
Vertical lines showing peak indexes of CeO2, Ce(OH)3, Ce2O3 and -Ce from the 
corresponding  JCPDS data. 
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Figure 2.4 Raman scattering spectrum of an anodized ceria membrane calcined at 400 ˚C. 
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Raman scattering spectrum (Figure 2.4) of the porous CeOx membrane displayed 
a peak near 462 cm-1, which was typically assigned to the T2g mode of the Ce-O 
vibrational unit with Oh symmetry. No other significant peaks were found in this 
spectrum, indicating that the annealed  membrane did not have a significant number of 
lattice related defects. 
The effect of the porous structures on the water wettability of the ceria membrane 
was examined by water contact angle measurements (Figure 2.5). The apparent 
advancing water contact angles of 0.25 µl water droplets on the calcined CeOx 
membranes were measured to be 120 ± 4°. Water contact angle measurements were also 
performed on calcined and samples with the porous structures destroyed by sonication in 
ethanol and on air-oxidized cerium foil. The corresponding measurements yield values of 
31 ± 3° and 17 ± 3° respectively, suggesting the necessity of porous structures in the 
apparent hydrophobic nature of the ceria membranes. Cassie-Baxter model was applied to 
describe the apparent water contact angle (θc) of a textured hydrophobic surface:  
         (1) 
where f1 and f2 are the surface area fractions of the membrane for components 1 and 2. 
The contact angles θ1 and θ2 are of water on a smooth surface of components 1 and 2. 
When the droplet is water and air is the trapped gas, θ2 is 180°, allowing the re-
expression of eqn. 1 as  
             (2) 
1 1 2 2cos cos cosc f f   
1 1cos (cos 1) 1c f   
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Utilizing eqn. 2, the area fraction of the solid-water interface for the porous membrane 
surface f1 was estimated to be ca. 0.62. Given that the surface was topographically 
irregular and it did not contain large changes in the chemical hydrophobicity, the Cassie-
Baxter model was adequate to explain our measurements. This fraction correlates well to 
the average value estimated from SEM images of the membranes (0.51 ± 0.03). 
The calculation of the surface area fractions from top view SEM images of the 
porous ceria membranes was accomplished using the NIH software package Image-J.1 
For a typical top view SEM image of a porous ceria membrane (Figure 2.6a), the ridges 
between the pores are shown as the light shaded areas whereas the pores (cavities) are 
shown as the dark shaded areas.  When a water droplet is dispensed on the porous 
membrane, the portion of surface area in contact with the water is composed of the ridges 
and upper portions of the pore structures. The Image-J software allows setting of a 
relative threshold brightness ratio between the structures with different shades in the 
SEM images (Figure 2.6b) and converts all the apparent pore area to appear as white and 
the rest as black. The process was automated using Image-J’s built in scripting language 
as illustrated in Program 1 for our contact surface area estimation (See Appendix). 
Following the conversion of the image into white areas (non-contact pore) and black 
areas (possible water contact surface area), Image-J calculates and reports these two 
apparent surface areas. The mean surface area fraction which describes the fraction of 
apparent surface area possibly in contact with a water droplet is estimated to be 0.51 ± 
0.03. Owing to the irregularity of the ceria membrane surface structures, this mean 
surface area fraction is likely to be underestimated using this apparent surface area 
estimation method. Nonetheless, visual inspection appears to match this estimated value. 
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Figure 2.5 Optical images showing water contact angle measurements on (left) 
an anodized porous ceria membrane and (right) an cerium oxide surface 
formed on a piece of cerium metal oxidized under ambient conditions.  (Inset) 
Water contact angle measurement on an anodized porous ceria membrane with 
its “ribbon-like” structures destroyed by sonication in ethanol. The measured 
water contact angle on this surface is 31 ± 3˚. 
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Figure 2.6 (a) Top view SEM image of ribbon-like nanostructures as imaged. 
Circle1 (red) is an example of a pore. Ellipsoid 2 (yellow) is a model ridge of the 
ribbon-like structures. (b) Processed SEM image with Image-J. The pores are 
represented by the white areas whereas the ridges between the pores are represented 
by the black areas. 
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2.4 Synthetic Mechanism 
A multi-stage formation mechanism for the porous anodized cerium foil structures with 
“ribbon-like” backbone framework can be deduced from the experimental observations 
and possible electrochemical reaction scheme (Figure 2.7). In the initial stage of the 
anodization, cerium metal was electrochemically oxidized to cerium (III) ions (Ce3+). At 
the metal surface, the formation of soluble complexes ([Ce(NH3)12-x](OH)x) led to pitting 
of the metal foil surface. Electric fields enhanced by the high curvatures of the pits 
possibly caused an increase in the pit size. The Ce3+ ions reacted with hydroxide ions to 
form Ce(OH)3 polymers. The Ce(OH)3 likely to form Ce-NH3-H2O complex which was 
soluble chemical species. The formation of this complex possibly caused the dissolution 
of the Ce(OH)3.  
An increase in the ammonia concentration of the electrolyte was found to produce 
a decrease in the density and thickness of the “ribbon-like” structures. The cerium anode 
simply appeared to dissolve into the electrolyte solution. This was likely caused by the 
increased formation rate of the soluble ammonia complexes which competed with the 
precipitation and formation of the cerium hydroxide framework.  However, if the 
concentration of ammonium ions was very low or the ammonium ions were replaced by 
sodium ions, the cerium oxide was observed to form, and then exfoliate from the cerium 
foil. Therefore, the concentration of NH4+ ions is critical to the proper formation of the 
membrane.  
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Figure 2.7 Proposed mechanism for the formation of the porous anodized structures 
from a cerium metal foil. Gray is cerium metal and black is the anodized complex. 
The cerium metal acts as the anode in the electrochemical cell. As a complex layer 
begins to form, vapor filled voids (cavities) or “bubbles” form on the surface and 
create pathways to the metal, allowing the diffusion of reactants to the metal surface. 
Pores are formed from volume changes due to the formation of the cerium hydroxide. 
The formation of gas cavities allow the reaction to continue to completion. Small 
deposits of metal may be left as shown in the final stage of the anodization. 
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At the surface of the cerium foil, oxygen was produced in the oxidation reaction 
and cavities (vapor filled bubbles) were observed trapped in the porous matrix during the 
anodization process. The radius (r) of a cavity before it left the surface of a solid is a 
function of the buoyancy of the trapped vapor (Pin) being resisted by the pressure of the 
liquid (Pout) and the surface tension (γ) causing the adhesion of the cavity to the solid. 
The use of an electrolyte with a surface tension much less than that of water favored the 
formation of smaller cavities as indicated by the Young-Laplace relationship.  
        (3) 
The formation of the low-solubility Ce(OH)3 precipitated around the cavities, 
leading to the growth of the thin “ribbon-like” structures of the porous framework. As the 
cavities of trapped gas increased in size, they eventually escaped, leaving voids adjacent 
to bare metal and allowing the continuation of the anodization process.  
Current density appears to affect the growth rate of the “ribbons-like” structures. 
At a fixed current, the thickness of the cerium hydroxide porous structures increased at a 
constant rate. An increase or decrease in applied current was found to change the film 
growth rate of growth proportionally. The pore size was observed to increase with an 
increase in current density. Similar to the case of anodizing porous silicon, once a 
threshold current level was reached, the pore diameters of the anodized structures became 
too large that a smooth surface was obtained instead. 
2
in out
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2.5 Conclusion 
A two-step synthetic strategy has been successfully demonstrated to fabricate porous 
membranes of cerium oxide that does not exfoliate. The reported strategy has the 
potential to lead to scientific and commercial progress in the fabrication of protective 
coatings and porous membranes made of oxides which would otherwise exfoliate. A new 
mechanism of the cerium anodization is proposed. It could lead to a variety of 
applications for creating exfoliating oxide membranes on metal surface. 
2.6 Appendix 
Program 1 – Calculate the area on nanoribbons  
// "Calculate the area on Nanoribbons" 
// 
// This script will batch process the .tif images in a given folder and subfolders  
// and will calculate the ratio of the area of the ribbon edges to the area of the pore. 
// This is accomplished by converting the image to binary (black and white) and 
reporting 
// the percentage of the area that is above the threshold for conversion to black. 
// the threshold level can be set manually if the contrast of the original image is 
too low. 
// 
// This macro batch processes all the files in a folder and any 
// subfolders in that folder.  
 
   requires("1.33s");  
   dir = getDirectory("Choose a Directory "); 
   sav = getDirectory("Choose a Save Directory "); 
   setBatchMode(true); 
   count = 0; 
   countFiles(dir); 
   n = 0; 
   processFiles(dir); 
   print(count+" files processed"); 
    
   function countFiles(dir) { 
      list = getFileList(dir); 
      for (i=0; i<list.length; i++) { 
          if (endsWith(list[i], "/")) 
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              countFiles(""+dir+list[i]); 
          else 
              count++; 
      } 
  } 
   function processFiles(dir) { 
      list = getFileList(dir); 
      for (i=0; i<list.length; i++) { 
          if (endsWith(list[i], "/")) 
              processFiles(""+dir+list[i]); 
          else { 
             showProgress(n++, count); 
             path = dir+list[i]; 
             processFile(path); 
          } 
      } 
  } 
  function processFile(path) { 
       if (endsWith(path, ".tif")) { 
//main function   
         open(path); 
  run("Make Binary"); 
  run("Analyze Particles...", "size=0-Infinity circularity=0.00-1.00 
show=Masks display clear summarize"); 
  done = sav+"done_"+list[i]; 
  saveAs("Tiff", done); 
      } 
  } 
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Chapter 3 Synthesis and Catalytic Property of Hybrid CeOx-TiO2 
Nanocomposite 
3.1 Introduction 
Hybrid materials are a category of materials with unique physical and chemical 
properties. In the last two decades, there were new developments of hybrid materials such 
as metal oxide frameworks and nanocomposites. Nanocomposites are usually a class of 
materials with multi-phases, frequently with one phase dispersed in another phase as the 
“filler” and the matrix. Hybrid nanocomposites have various applications in bioactivity, 
optical device and catalysis. [1] Typically, the hybrid nanocomposites are synthesized by 
the simple mixing technique which results in a heterogeneous dispersion of the fillers. 
Nanocomposites made in this manner consequently have non-uniform properties.  
Hybrid nanocomposites usually exhibit the combined or even enhanced merits 
from all mixed components. At a structural level, a component can cause distortions in 
the lattice of the matrix and create structural defects leading to various novel properties. 
The lattice of the oxide host can also provide the “fillers” with special coordination and 
bonding environment so as to tune their electronic properties and chemical reactivity. 
Moreover, metal (A)-oxygen-metal (B) interactions in hybrid metal oxides can promote 
chemistry not seen in each individual metal oxide component. [2] For example, the silica-
based nanocomposites containing superparamagnetic iron oxide nanoparticles (SPIONs), 
including Fe3O4 and γ-Fe2O3, are useful for a variety of biological separation and 
environmental applications such as the removal of contaminants from water. [3] The 
chemically inert silica serves as a protective layer for the magnetic component and makes 
32 
 
it biocompatible. In addition, the surface silanol groups provide potentials to derivatize 
and extend the structure with various functional groups. In turn, the iron species endow a 
magnetic flavor to the plain silica lattice. The synthesis and design of catalysts composed 
of multiple components has become a hot new research topic. [4-6] 
Titanium dioxide (TiO2) nanomaterials are known for their unusually high 
photocatalytic properties and other properties such as high density of oxygen 
vacancies.[7-9] It has been studied and used as a catalyst in various areas such as 
photocatalysis and oxidation of organic compounds. For example, the commercial 
product Degussa P25 is commonly selected as the titanium oxide precursor due to its 
availability and well-characterized physical and chemical properties. Anatase titania is 
regarded as the photoactive phase of titanium dioxide. Another phase of TiO2, rutile, 
generally exhibits lower photocatalytic activity. Rutile phase is the thermodynamically 
stable form of TiO2 under ambient conditions. It has been recognized that P25, which is 
composed of mixed phase of TiO2 (anatase/rutile with 80/20 in molar ratio), has much 
higher photocatalytic activities than either pure anatase or rutile phase. [8] The 
interaction between the two phases at the interface is believed to be the source of 
increased photocatalytic activity. However, the large band gap (3.2 eV) of titanium oxide 
still limits its photocatalytic applications because it is only active under the UV 
wavelength. This has prompted many recent researches to modify the band gap of TiO2 
nanomaterials by doping with different cations and anions, including Ce3+, Mg2+ and N3-. 
[8, 10-14]  
Rare earth metal oxides, for example, cerium oxide (CeOx, x=1.5-2), have also 
been studied intensively as oxidative catalysts due to their multiple oxidation states and 
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high oxygen capacity. Cerium oxide, which is usually non-stoichiometric due to the ease 
of addition and removal of oxygen ions in the oxide lattice, has been considered as an 
oxygen reservoir in a number of applications including traditional catalytic converters. 
Previous studies have shown that due to the unique oxygen donating and accepting ability 
of ceria, it can amorphize some oxides such as titania. Because of the oxygen donating 
and accepting nature of ceria, there are many oxygen vacancy sites created on the surface 
of the material. Due to the different crystal structure of ceria (cubic) and titania 
(tetragonal), the ceria decoration on titania surface is expected to amorphize on the top of 
titania surface. [11, 15-18] In this work, the structural and catalytic properties of CeOx-
TiO2 hybrid (CTO) nanocomposite materials were studied. The CTO nanocomposite 
materials were not only a potential oxidative catalyst but also a new type of 
nanocomposite materials leading to the new discovery of hybrid materials. Also, by 
studying this type of material, the understanding of hybrid material will be strengthened 
and other hybrid materials can be designed according to similar theory. 
The dispersion-precipitation method was designed to synthesize the CTO 
nanocomposites with aims to produce uniform nanoparticle catalyst with high oxidative 
catalytic activity. In this method, cerium oxide is precipitated on P25 titanium oxide 
particles dispersed in solution. The oxidation catalytic properties were compared between 
the CTO nanocomposites.  
3.2 Modification of TiO2 Nanoparticles by the Dispersion–Precipitation Method 
Degussa P25 nanoparticles were used as the matrix for the cerium oxide 
deposition because of their availability. In this method, 0.8 gram of P25 titanium oxide 
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nanoparticles (AEROXIDE P25, TiO2, Batch NO. 4168083098, Nippon AEROSIC CO., 
LTD) was first added into 20 mL of water with vigorous stirring in a 100 mL round 
bottom flask for 30 min.  After the P25 particles were dispersed evenly, 20 mL of the 
calculated amount of cerium (III) sulfate [Ce2(SO4)3] solution was added into the solution. 
The pH of the mixture was adjusted by NaOH (1M) and HCl (1M). In order to determine 
the effect of the pH during the synthetic process, a series of reaction mixtures with pH 
from 1 to 14 was performed during the synthesis. Also, the ceria atomic percentage in the 
hybrid material was varied from 0.1 at.% to 50 at.% [at.%= Ce atoms/(Ce atoms + Ti 
atoms)]. The mixture was aged at 25 ºC for 15 hours. Afterwards, the sample was filtered 
using 0.8 m membranes and rinsed with 400 mL water until the final pH reached about 
6. The as-synthesized samples were then heated at 50 ◦C for 5 hours to drive off the water 
inside the samples. 
The catalysts were activated prior to the catalytic tests as follows, 150 mg of the 
as-synthesized sample was heated in a 1 inch quartz tube furnace at 450 ◦C for 1 hour at a 
pressure of 1 Torr under a 100 standard cubic centimeters per minute (SCCM) of 
simulated air (20% O2 and 80% N2). 
3.3 Materials Characterization  
X-ray diffraction (XRD) and transmission electron microscopy (TEM) were 
applied to determine the crystal structure of the synthesized ceira-modified-P25 
nanocomposite (CeOx-P25) samples. The results from the XRD and TEM of the materials 
synthesized from the dispersion-precipitation method had high consistence and 
uniformity.  
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 From the XRD patterns in figure 3.1 of the 1 at.% CeOx-P25 synthesized at 
various pH levels, the mixed phase of anatase (00-021-1272) and rutile (00-02101276) 
could be indexed according to JCPDS data. Nonetheless, the ceria content in this case 
was lower than the detection limit of XRD. So we did not observe peaks belonging to 
cerium oxide in the XRD pattern. From the peaks’ locations in the XRD patterns, the 
materials synthesized through this method kept the crystal structure of P25 which was a 
mixture of anatase and rutile with molar ratio of about 80/20. The peaks’ locations were 
not shifted according to the JCPDS data which implied that the lattice structure change 
could not be detected with the 1 at.% ceria decoration.  
From Scherrer’s formula 
 
the sizes of the nanocrystallites could be estimated. In this formula,  is the X-ray 
wavelength (1.54 Å), B is the full-width at half maximum intensity (FWHM) and is 
half of the diffraction angle 2. From the XRD patterns of samples synthesized at varied 
pH, the FWHM of the anatase (101) peak were about 0.0074 (in radians) which can be 
referred to a crystallite size of 18.2 nm. The crystallite size was close to the P25 
nanoparticle size which suggests that the P25 titanium oxide lattice structure was not 
affected much by the ceria deposition modification in our synthetic process. 
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Figure 3.1 XRD patterns of 1 at.% CeOx-P25 suggested that the structure of P25 was 
maintained after the dispersion-precipitation of cerium oxide. No significant change 
in the crystal structures of the samples made at different pHs could be detected. 
Diffraction peaks were labeled as ▲A: anatase and ●R: rutile. 
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Figure 3.2 TEM images of CeOx-P25 nanoparticles synthesized using the dispersion-
precipitation method. a) pure P25; b) 1 at.% CeOx-P25 synthesized at pH 7; c) 1 at.% 
CeOx-P25 synthesized at pH 14 and d) 1 at.% CeOx-P25 synthesized at pH 1. All the 
samples are activated in simulated air at 400 ºC under 1 Torr. The scale bars in all the 
images are 50 nm.  
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TEM images, shown in figure 3.2 of the 1 at.% CeOx-P25 samples implied that 
neither the acidic synthetic condition nor the basic synthetic condition affected the 
morphology of the P25 particles in these hybrid nanocomposite materials. The only 
detectable change from the TEM image was the increase in particle diameter after the 
dispersion-precipitation process. This indicated that the modification by the cerium oxide 
might had changed the P25 structure but such changes were not significant that to be 
detected by XRD. 
With an increase in the ceria content, the XRD diffraction patterns of the 
synthesized CeOx-P25 material changed from that of a mixed phase of anatase and rutile 
(typical P25) to a fluorite structure which matched the structure of cerium (IV) oxide. 
From the trend of the crystal structure evolution, the effect of the ceria modification 
could be inferred to decrease the crystallinity of the TiO2. For the samples with ceria 
content from 0.1 at.% to 5 at.%, there were few CeO2 peaks detected in the corresponding 
XRD patterns (figure 3.3). However when the ceria percentage was greater than or equal 
to 10 at.%, the intensities of the CeO2 peaks increased and the intensities of anatase and 
rutile peaks decreased. Also, the positions of the anatase peaks did not shift according to 
the JCPDS data, suggesting the increase of ceria percentage did not introduce the CeOx 
into the TiO2 lattice by XRD. Nonetheless, from the Scherrer’s formula, the crystallite 
size of these samples (table 3.1) increased from 19 nm to 25 nm when ceria percentage 
increased from 0.1 at.% to 50 at.%. By applying the Scherrer’s formula to cerium oxide 
peaks, the cerium oxide crystallite size (table 3.1) was also found to increase when the 
ceria percentage increased from 10 at.% to 50 at.% from 7 nm to 13 nm.    
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Figure 3.3 XRD patterns of CeOx-P25 with varied ceria content. From the 0.1 at.% CeOx 
to 1/1 Ce/Ti ratio, the crystal structure of the material changed from the mixture of 
anatase and rutile (P25) to the fluorite cerium oxide structure. The diffraction peaks were 
labeled as ▲A: anatase, ●R: rutile, ■C: cerium (IV) oxide.  
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Table 3.1 Anatase Crystallite Size and Ceria Crystallite Size 
Sample Anatase Crystallite Size (nm) Ceria Crystallite Size (nm) 
 Anatase (101) Average Ceria (111) Average 
P25 18.5 16.9 - - 
0.1 at.% CeOx-P25 19.1 17.0 - - 
1 at.% CeOx-P25 19.1 18.3 - - 
5 at.% CeOx-P25 20.1 18.6 - - 
10 at.% CeOx-P25 20.8 19.5 4.5 5.9 
30 at.% CeOx-P25 20.4 19.6 13.2 10.1 
50 at.% CeOx-P25 25.2 20.0 12.8 10.3 
CeO2 - - 7.6 6.9 
 
The selected anatase (101) peak and cerium oxide (111) peak were both the most intense 
peaks in each of the XRD patterns. The average size of the nanocrystallites was estimated 
from the diffraction peaks between 20◦ to 60◦. The size of the nanocrystallites was 
estimated using the Scherrer’s formula and the full-width at half maximum intensity 
(FWHM) and was from the Gaussian fitting of the diffraction peaks.  
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Figure 3.4 TEM images of CeOx-P25 nanoparticles with different ceria content 
synthesized from the dispersion-precipitation method. (a) 1 at.% CeOx-P25 synthesized 
at pH 14 and (b) 10 at.% CeOx-P25 synthesized at pH 14. All of these samples were 
activated in simulated air at 400 SCCM at 1 Torr. Arrows are showing the possible 
cerium oxide particles. 
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The TEM image of the 10 at.% CeOx-P25 sample showed a significant change 
from the 1 at.% CeOx-P25 sample with the appearance of the small particles with an 
average diameter of 8 nm (Figure 3.4). From the image of the 10 at.% CeOx-P25 sample, 
small particles were found decorating larger particles. These small particles may be 
cerium oxide particles.  
3.4 Catalysts Evaluation Using Carbon Monoxide Oxidation  
The oxidative catalytic activity of the synthesized catalysts was evaluated using 
the carbon monoxide (CO) oxidation test reactions carried out in a home-built quartz U-
tube reactor. The catalysts were set on coarse-grained quartz frit sample platform fixed in 
one of the branch of the quartz U-tube (Figure 3.5).  The precursor gas mixture was 
composed of 1 vol.% CO, 20 vol.% O2 and 79 vol.% He. The reactant gas flow was 
controlled by a mass flow controller at a flow rate of 30 SCCM during the reaction. The 
eluent of the reaction products was analyzed by gas chromatography (GC) (Agilent 
7820A, Santa Clara, CA) equipped with a thermal conductivity detector (TCD). The 
reactor was heated in a vertical tube furnace. The furnace can control the reaction 
temperature from room temperature to 500 ◦C.   
 
 
 
43 
 
   
Figure 3.5 Schematic of the U-tube reaction system. 
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During a typical catalysis test, the reactant gas mixture containing 1 % CO was 
flowed continuously through the reactor. 100 mg of catalyst was used in each catalysis 
test. The overall empirical reaction is given by this equation:  
CO (g) + ½ O2 (g) → CO2 (g) 
The percentage of CO conversion was determined by analyzing the concentration of 
reaction product CO2 in the He carrier gas.  
3.4.1 Oxidative catalytic activity of CeOx-P25 catalyst synthesized at different pH 
The oxidative catalytic activity of CeOx-P25 catalyst made by the dispersion-
precipitation method under different pH conditions was evaluated using the CO oxidation 
bench mark test. A series of 1 at.% CeOx-P25 samples was synthesized at varied pH as 
described in section 3.3. Their catalytic activity was determined at a fixed temperature of 
200 ◦C for 1 hour using the conditions described in section 3.4. The percentage of CO 
conversion vs. time curve was plotted in figure 3.6. It took about 15 minutes to reach the 
adsorption-desorption equilibrium at the surface of the catalyst. The percentage of CO 
conversion was decreasing in the first 15 minutes of the reaction. After the first 15 
minutes of reaction, the % of CO conversion became stable. The decrease in the % of CO 
conversion in the first 15 minutes suggested strong interactions between the reaction 
gases and the catalyst surface. The catalytic reaction experienced absorption-desorption 
process. The reaction gas was first absorbed by the catalyst and reacted at the active sites 
of the catalysts. Some of the active sites possibly lost their activity after the reaction 
started. In this scenario, the percentage CO conversion would decrease in the first 15 
minutes of the reaction and became stable afterwards.  
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After the first 15 minutes of the reaction, the catalyst synthesized at pH 14 
showed a higher CO conversion rate than others made under lower pH conditions. The 
sample synthesized at pH 14 maintained about 13 % CO conversion. The samples 
synthesized at pH 4 and pH 1 showed CO conversion percentage lower than 5 %. The CO 
conversion percentage decreased with the decrease of pH conditions in the synthesis. In 
general, the catalysts synthesized under basic conditions had higher oxidative catalytic 
activity under the reaction condition. This could be explained by the reaction taken place 
during the synthetic process. Cerium (III) sulfates first hydrolyzed in water to form 
cerium (III) hydroxide [Ce(OH)3]. The Ce(OH)3 was then oxidized both in the drying 
process and the activation process to form cerium (IV) oxide. During this procedure, the 
titanium oxide surface was also modified by the hydroxide group under basic conditions 
or hydronium under acidic conditions.  The surfaces that contained higher density of 
hydroxide groups were expected to have higher affinity to the cerium (III) ions which 
promote their bonding to the P25 titanium oxide surfaces. It can be inferred that the 
samples synthesized under basic conditions had higher cerium oxide content anchored 
onto the surface of P25 according to the CO oxidation catalytic test. In this case, since the 
CeOx-P25 synthesized under basic condition had a high catalytic activity, it is better to 
prepare the CeOx-P25 in a basic condition to produce catalysts with higher oxidative 
catalytic activity for CO oxidation.  
 
 
46 
 
 
   
40
30
20
10
0
%
 C
O
 C
on
ve
rs
io
n
605550454035302520151050
Time (min)
 1 at.% CeOx-P25 pH 14
 1 at.% CeOx-P25 pH 10
 1 at.% CeOx-P25 pH 7
 1 at.% CeOx-P25 pH 4
 1 at.% CeOx-P25 pH 1
Figure 3.6 Percentage of CO conversion vs. reaction time. The catalytic activity of 1 
at.% CeOx-P25 catalysts prepared under different pH reaction conditions was compared 
at 200 ◦C for 1 hour. 
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Figure 3.7 Proposed mechanism of CO oxidation on CeOx-P25 catalyst. 
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3.4.2 Oxidative catalytic activity of CeOx-P25 catalyst with varied CeOx content 
The catalytic activity of the CeOx-P25 also depends on the different amount of 
ceria content in the catalyst. The catalytic activity was tested over the CeOx-P25 catalysts 
with different ceria content. The catalytic test was performed as described in the previous 
section. The reaction temperature was first increased from 22 ◦C (room temperature) to 
360 ◦C at 30 ◦C interval. When the percentage conversion of CO for the tested catalyst is 
close to 50 %, the reaction temperature increase was every 10 ◦C in order to obtain a 
detailed reaction kinetic curve. The catalyst evaluation was stopped after 60 ◦C past the 
100 % CO conversion temperature. All the data points were collected after 1 hour after 
the mixed gas flowed in order to reach the adsorption-desorption equilibrium at the 
catalyst surface. Graphs of percentage of CO conversion vs. reaction temperature for 
catalysts with different ceria content were plotted as figure 3.8.  
T50 is the temperature at which 50 % of the reactants are converted to the products 
under a fixed concentration and flow rate of the reactants. It can be applied as a measure 
of activation energy change by the catalyst and is usually used to evaluate the catalytic 
activity of a catalyst. Apparent activation energy (Ea) of the CO oxidation reaction can be 
estimated by the Arrhenius Equation: 
݇ሺܶሻ ൌ ܣ݁ିಶೌೃ೅  or  ln	ሺ݇ሺܶሻሻ ൌ C ൅ ሺെ ாೌோ ሻ
ଵ
் 
where k(T) is the reaction rate, R is the ideal gas constant, T is the reaction temperature 
and A and C are constants for a given reaction conditions.  
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From figure 3.8, the 5 at.% CeOx-P25 sample had the lowest T50 at 155 ◦C. As the 
cerium oxide content in the series of CeOx-P25 catalysts increased from 0.1 at.% 5 at.%, 
the corresponding T50 of the catalyst dropped from 245 ◦C to about 155 ◦C.  
However, from the 10 at.% to 50 at.% CeOx-P25, the corresponding T50 of the 
catalysts started to increase. The T50 of 50 at.% CeOx-P25 was 245 ◦C which was close to 
the T50 of cerium oxide nanoparticles.   
Table 3.2 T50 and Ea of CeOx-P25 with Different CeOx Content 
Sample T50 (◦C) Ea (kJ/mol) 
P25 - - 
0.1 at.% CeOx-P25 240 43.2 
1 at.% CeOx-P25 230 37.3 
5 at.% CeOx-P25 155 29.9 
10 at.% CeOx-P25 230 39.9 
30 at.% CeOx-P25 250 41.2 
50 at.% CeOx-P25 245 41.5 
CeO2 245 38.8 
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Figure 3.8 Comparison of CO oxidation catalytic activity of CeOx-P25 catalysts with 
varied ceria content. 
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The apparent activation energy (Ea) of the CeOx-P25 catalyst also depended on 
the ceria content in the catalysts. Similar to the change of T50, when the cerium content 
increased from 0.1 at.% to 5 at.%, the Ea decreased, indicating the catalytic activity was 
increased with the ceria content. While the ceria content increased from 10 at.% to 50 
at.%, the Ea increased indicating the catalytic activity decreased.  
The change of T50 and Ea with the increased content of ceria in the CeOx-P25 
catalyst can possibly be explained with the role of ceria in the series of materials. From 
the XRD result, all the anatase (101) peak positions did not have significant shift from 
reported values. This indicated that the deposited ceria did not modify the titanium oxide 
lattice much, possibly only bonded to the surface of the titanium oxide particles.  As the 
ceria content was increased to 10 at.% and higher, the XRD patterns showed that the 
diffraction peaks’ intensity of cerium oxide increased. When the ceria/titania atomic ratio 
reached 1:1, the peak intensity of anatase phase became very low in the corresponding 
XRD patterns and cerium oxide became the major composition of the material. From the 
TEM images, there was also evidence showing that the 10 at.% CeOx-P25 was a mixture 
of titanium oxide nanoparticles and cerium oxide nanoparticles. So with higher ceria 
content, the cerium oxide became the major composition of the catalyst material. These 
catalysts had even lower catalytic activity than the 1 at.% CeOx-P25 possibly because the 
interaction between the ceria and titania was decreased when “saturated” with ceria.  
To verify the effect of the ceria-titania interaction on the surface of the catalyst, a 
test was performed to compare the catalytic activity of the CeOx-P25 nanocomposite 
catalyst and a catalyst composed of a mixture of CeOx and P25 particles. From Figure 3.9, 
52 
 
the difference between the T50’s could be an evidence of the ceria-titania interaction 
which may explain the increase in the catalytic activity of the CeOx-P25 nanocomposite.  
The stability of the catalytic activity of 5 at.% CeOx-P25 nanocomposite was 
evaluated with a 20-h.-long CO oxidation test at 150 ◦C. The percentage of CO 
conversion decreased about only 10 % during the test (Figure 3.10), indicating the long 
term activity of catalysts.   
3.5 Conclusion 
 The dispersion-precipitation method was applied to modify the P25 titanium 
oxide nanoparticles and develop a new type of ceria-titania hybrid catalyst. Although 
further more detailed characterization is needed to confirm the structure of the CeOx-P25 
hybrid nanocomposites and understand the catalytic mechanism of the hybrid oxide 
catalyst, the currently demonstrated catalytic results and the structural characterization 
indicated that as the ceria content of CeOx-P25 increased from 0 to 5 at.%, the catalytic 
activity increased and the apparent structure of titanium oxide remained intact. 
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Figure 3.9  Comparison of CO oxidation activity of a 5 at.% CeOx-P25 
nanocomposite and a catalyst composed of P25 nanoparticles with 5 at.% bulk 
ceria. 
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Figure 3.10 The 20-hour-long CO oxidation catalysis test of 5 at.% CeOx-P25 at 150 ºC. 
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Chapter 4 Future Work 
One of the goals of this thesis is to understand the catalysis of nanostructured rare earth 
metal oxide catalysts by exploiting the metal oxide and the hybrid metal oxide 
nanocomposites as working examples. The described hybrid CeOx-TiO2 nanocomposites 
in Chapter 3 is a catalyst with the potential to be applied as a commercial oxidative 
catalyst because of the low content of rare earth needed in the catalyst. Although catalysts 
with reduced T50 are desirable for saving thermal energy needed for catalytic reaction, 
there are major issues to consider in designing catalysts for industrial use such as the 
chemical and thermal stability of the catalysts. 
Different methods could induce different crystal structures of the cerium oxide 
and different interactions between the cerium oxide “filler” and the titanium oxide matrix. 
The hybrid metal oxide nanocomposites have shown enhanced catalytic behavior for CO 
oxidation reaction compared to each of the single component. This enhancement is likely 
due to the small amount (5 at.% as added) of ceria species. The incorporated ceria species 
may cover the surface of titania nanostructures and form spherical shells of CeOx with 
surface oxygen defects depending on the lattice structures of the titania layers underneath 
it. The titania structure, as the matrix of the sphere, has dual functions as both the support 
of ceria and oxygen provider to the ceria-rich surface.  To fully understand the catalytic 
mechanism of the hybrid metal oxide catalyst, further study of the hybrid metal oxide 
catalyst using techniques including high resolution TEM analysis, select area electron 
diffraction (SAED), Raman scattering spectroscopy, extended X-ray absorption fine 
structure (EXAFS) is needed for understanding the lattice structure of the hybrid metal 
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oxide catalyst, the metal-oxygen-metal bond energy and other interactions between the 
ceria “filler” and the titanium oxide matrix. 
4.1 Porous Cerium Oxide Membranes 
The effectiveness of the porous structures in cerium oxide nanoporous membranes 
discussed in Chapter 2 can be evaluated in prototype solid oxide fuel cells. As discussed 
in Chapter 2, cerium oxide has been used as the electrolyte in the solid oxide fuel cells 
and the reaction temperature of the cell is usually up to 1000 ◦C. We expected that SOFCs 
with nanoporous cerium oxide membranes or the decorated cerium oxide membrane may 
maintain similar efficiency with lower reaction temperature. Moreover, the highly 
hydrophobic surface of the nanoporous cerium oxide membrane may further increase the 
efficiency of the fuel cell because the hydrophobic surface will not be poisoned by the 
water formed in the fuel cell.  
4.2 CeOx-TiO2 Nanocomposites 
We have found that the CeOx-TiO2 nanocomposite (CTO) has shown improved 
catalytic activity over the cerium oxide or titanium oxide separately. The understanding 
of the interaction between CeOx and TiO2 and the corresponding enhancement 
mechanism is still lacking. Two methods have been attempted to synthesize the CTO 
nanocomposite with higher catalytic activity. Preliminary results are discussed as follows.  
4.2.1 Modification of TiO2 nanotubes by dispersion-precipitation method 
One way to increase the catalytic activity of the material is to increase the active 
surface area of the catalyst. [1-4] Titanium oxide nanotubes as a type of materials with 
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large surface area is considered to replace the P25 titania particles to obtain a CTO hybrid 
nanocomposite. The dispersion-precipitation method was also applied to synthesize the 
ceria modified titanium oxide (anatase) nanotubes (CeOx-ATNT) in order to pursue a 
catalyst with high catalytic activity. The material was prepared at pH 14 condition with 
varied ceria content. The titanium oxide nanotubes were prepared from a hydrothermal 
method. Preliminary characterization and CO oxidation test have been performed to study 
the CeOx-ATNT material. [3-6]  
4.2.2 Characterization of the ceria modified titanium oxide nanotubes 
The CeOx-ATNT nanocomposites were characterized by XRD. From the XRD 
patterns in figure 4.1, the 1 at.% CeOx-ATNT showed typical diffraction peaks for 
anatase phase without detectable peak shift from the standard anatase XRD pattern. 
However, by comparing the XRD patterns the signal/noise ratio of the pattern of 1 at.% 
CeOx-ATNT was much lower than that of the 1 at.% CeOx-P25 sample. This suggests 
that the CeOx-ATNT sample had lower crystallinity than the CeOx-P25 sample. The 5 at.% 
CeOx-ATNT sample which showed no typical anatase diffraction peaks indicated that the 
anatase structure was turned into amorphous after the cerium oxide modification. The 
crystallite size was also estimated by Scherrer’s formula. Also, using Scherrer’s formula, 
the crystallite size of the 1 at.% CeOx-ATNT sample was estimated to be about 18 nm, 
which was close to that of the 1 at.% CeOx-P25 sample (Table 4.1).  
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Table 4.1 Anatase Grain Size of 1 at.% CeOx-ATNT and CeOx-P25 
Sample 
Anatase Crystallite Size (nm) 
Anatase (101) Average 
P25 18.5 16.9 
1 at.% CeOx-P25 19.1 18.3 
1 at.% CeOx-ATNT 18.1 17.0 
  
 
 The catalytic activity of the ceria decorated titanium oxide nanotubes were also 
tested using the same method as the one for CeOx-P25 samples. The T50 and the 
percentage of CO conversion vs. temperature curve of the 1 at.% CeOx-ATNT were 
almost same with that of the 1 at.% CeOx-P25 sample (Figure 4.2). The titanium oxide 
nanotubes had much higher surface area than the P25 nanoparticles which should 
increase the catalytic activity. However, the crystallinity of the CeOx-ATNT was much 
lower than those of the CeOx-P25 samples according to the XRD patterns. From the CO 
oxidation result, it can be inferred that the crystallinity played an important role in the 
oxidation catalysis. Although the CeOx-ATNT catalysts have higher surface area, their 
lower crystallinity limits their catalytic activity.  
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Figure 4.1 XRD patterns of CeOx-ATNT with 1 at.% ceria and 5 at.% ceria, the crystal 
structure of the material changed from the anatase phase to amorphous. ▲A: anatase, 
●R: rutile.  
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Figure 4.2 Comparison of CO oxidation catalytic activity of 1 at.% CeOx-ATNT 
and 1 at.% CeOx-P25. 
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4.2.3 One-step synthesis of ceria/titania mixed oxide nanoparticles 
A “one-step” synthetic strategy was attempted to produce ceria/titania mixed 
oxide nanoparticles.  A sample of 1.6 gram of titanium oxide sulfate (TiOSO4, Alfa Aesar, 
Ward Hill, MA) was first added into 20 mL of water with vigorous stirring in a 100 mL 
round bottom flask for 30 min. until the mixture turned clear which indicated the TiO2 sol 
was formed. Afterwards, 20 mL of the calculated amount of Ce2(SO4)3 solution was 
added into the sol. The sol solution finally reached a pH of 2. The sol was aged at 25 ◦C 
for 15 hours and then the sol was heated at 80 ◦C to evaporate the about 40 mL water. 
The sample was then filtered using 0.8 m membranes (Millipore, Billerica, MA) and 
rinsed with 200 mL DI water until the final pH reached 6. After the rinsing step, the as-
synthesized samples were heated at 50 ◦C for 5 hours to drive off the water inside the 
sample.  
The same activation procedure as described in section 3.2 was performed before 
the catalytic oxidation evaluation of the catalysts.  
4.2.4 Characterization of the ceria/titania from “one-step” method 
X-ray diffraction (XRD) was applied to determine the crystal structure of the ceria 
decorated titania (CeOx/TiO2) samples from the two different methods. According to the 
JCPDS data, the XRD pattern of the sample synthesized from the “one-step” method 
showed that the activation process converted the as synthesized sample from amorphous 
to a mixture of titanium oxide anatase and rutile structure.  However, with the addition of 
the ceria species, there were also peaks indicating cerium titanate species present in the 
samples. The cerium titanate peaks were detected in all the samples with different ceria 
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content. From the 0.1 at.% CeOx/TiO2 sample to 1 at.% CeOx/TiO2 sample, the intensities 
and the positions of the peaks changed little but the pattern of 10 at.% CeOx/TiO2 sample 
showed a decrease in signal/noise ratio. This suggested that the addition of ceria 
decreased the crystallinity of the sample.  
Most of the diffraction peaks had their positions shifted for all the samples 
synthesized by this method. According to the Bragg’s law: 
       
where d is the adjacent lattice plane spacing, is the diffraction angle,  is the 
wavelength of the X-ray. The change on the lattice constant could be estimated using this 
formula. Comparing with the JCPDS data, the two theta diffraction angle of CeO2 (111) 
peak increased by 0.9º which indicated that the (111) lattice spacing decreased by 3%. 
The decrease of the (111) lattice spacing suggested that the titanium atoms might had 
affected the cerium oxide structure. From the XRD pattern, there were diffraction peaks 
not belonging to any cerium oxide or titanium oxide species. These peaks may lead to 
new cerium titanate structure, but more studies are needed to gain a deeper understanding 
of these structures.  
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Figure 4.3 XRD patterns showing the structure transformation of the as-
synthesized CeOx/TiO2 samples to the mixed titanium oxide anatase and 
rutile with certain amount of cerium titanate.  Diffraction peaks were labeled 
as ▲A: anatase, ■C (IV): cerium (IV) oxide, ▼C (III): cerium (III) oxide and 
♦CTO: cerium titanate species. 
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Figure 4.4 TEM images of CeOx/TiO2 nanoparticles synthesized from the “one-
step” method. (a) 0.1 at.% CeOx/TiO2, (b) 1 at.% CeOx/TiO2, (c) 10 at.% 
CeOx/TiO2 and (d) TiO2 without cerium oxide coating. All the samples are after 
activated. The scale bars in all the images are 50 nm.  
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From the TEM images of the CeOx/TiO2 nanoparticles synthesized using the 
“one-step” method (Figure 4.4), nanoparticles could be easily identified in the 1 at.% 
CeOx/TiO2 sample but not in the : 0.1 at.% CeOx/TiO2 and 10 at.% CeOx/TiO2. One 
possibility was that those particles were agglomerated together in these two samples. 
4.3 Future Work Plan 
From all the preliminary results, we expect the hybrid nanocomposites to be a 
group of promising catalysts with high oxidation activity and low rare earth content. 
Further study is needed to understand the principles of the catalytic process and the 
hybrid nanocomposite design. 
For the “one-step” method, the precursors need to be selected before the synthetic 
procedures in order to form uniformed catalyst. For the dispersion-precipitation method, 
the titanium oxide substrates need be further studied and titanium oxide nanotubes with 
both high crystallinity and surface area will be the desirable substrate. Using the 
anodization method, titanium oxide nanotube with high surface area and high crystallinity 
can be fabricated as the titanium oxide substrates for the hybrid composite catalysts. [7-
12] Upon further optimization of the synthetic method, the other rare earth metals/metal 
oxides can be applied to modify the titanium oxide surface to form different hybrid 
nanocomposites with unique properties. This will lead to a better understanding of the 
dopants effect on the mechanism of lattice modification and crystal engineering.  
Last but not least, the study of noble metal-doped metal oxides nanocomposites 
will enhance our understanding in the strong metal-support interaction and the 
exploration of new oxidative catalysts. Studies have shown that both the gold-doped 
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titanium oxide and gold-doped cerium oxide have improved catalytic activity in reactions 
such as CO oxidation. Using hybrid oxide composites as substrate supports, the 
interaction between the noble metal and the support is expected to be much more 
complex and interesting. 
4.4 Summary 
The research presented in this thesis focuses on the understanding of the 
principles behind the synthesis and catalytic properties of the cerium oxide related 
materials. With further study, the understanding of the role of defects and the catalytic 
activity of the hybrid nanocomposite will be strengthened.  I expect that the present study 
of the hybrid nanocomposite catalysts may advance the design and engineering of tandem 
catalyst systems.  
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